Molecular and phylogenetic analyses of bovine rhinovirus type 2 shows it is closely related to foot-and-mouth disease virus  by Hollister, Jason R. et al.
Available online at www.sciencedirect.com
8) 411–425
www.elsevier.com/locate/yviroVirology 373 (200Molecular and phylogenetic analyses of bovine rhinovirus type 2 shows
it is closely related to foot-and-mouth disease virus
Jason R. Hollister a, Ariel Vagnozzi a,1, Nick J. Knowles b, Elizabeth Rieder a,⁎
a Foreign Animal Disease Research Unit, United States Department of Agriculture, Agricultural Research Service,
Plum Island Animal Disease Center, Greenport, NY 11944, USA
b Institute for Animal Health, Pirbright Laboratory, Ash Road, Pirbright, Woking, Surrey, GU24 0NF, UK
Received 23 October 2007; returned to author for revision 29 November 2007; accepted 16 December 2007
Available online 16 January 2008
Abstract
Bovine rhinovirus 2 (BRV2), a causative agent of respiratory disease in cattle, is tentatively assigned to the genus Rhinovirus in the family
Picornaviridae. A nearly full-length cDNA of the BRV2 genome was cloned and the nucleotide sequence determined. BRV2 possesses a
putative leader proteinase, a small 2A protein and a poly(C) tract, which are characteristic of aphthoviruses. Alignment of BRV-2 and FMDV
polyproteins showed that 41% of amino acids were identical within the P1 region. Furthermore, 2A, 2C, 3B3, 3C and 3D proteins are as much as
67%, 52%, 52%, 50%, and 64% identical, respectively. BRV2 leader protein is rapidly released from the viral polyprotein and cleaves eIF4G at a
rate similar to FMDV leader proteinase, suggesting a functional relationship between the leader protein in these viruses. The results suggest that
BRV2 is closely related to FMDV and should therefore be considered as a new species within the genus Aphthovirus.
© 2007 Elsevier Inc. All rights reserved.Introduction
Picornaviruses are antigenically diverse and characteristically
small non-enveloped viruses with a positive strand RNA genome.
Of the nine formal genera that make up the familyPicornaviridae
(Enterovirus, Rhinovirus, Cardiovirus, Aphthovirus, Hepato-
virus, Parechovirus, Erbovirus, Kobuvirus and Teschovirus),
the enteroviruses and rhinoviruses are the most antigenically
diverse each containing more than 100 serotypes (Kistler et al.,
2007; Savolainen et al., 2002). While virtually all of the
rhinoviruses reported were isolated from humans, there are a
handful of bovine viruses tentatively assigned to the genus and
grouped into three serotypes, bovine rhinovirus (BRV) 1, 2 and 3.
Currently, the only member of the BRV2 serotype is strain
EC11, which was first isolated by Reed and co-workers from the
lung of a specific pathogen-free calf that unexpectedly de-
veloped a respiratory disease (Omar et al., 1966; Reed et al.,⁎ Corresponding author. Address: USDA, ARS, Plum Island Animal Disease
Center, PO Box 848, Greenport, NY 11944-0848, USA. Fax: +1 631 323 3006.
E-mail address: elizabeth.rieder@ars.usda.gov (E. Rieder).
1 Present address: INTA. EEA Concepción del Uruguay. Concepción del
Uruguay, 3260, Entre Rios, Argentina.
0042-6822/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2007.12.0191971). Investigation into the cause of disease led to the isolation
of EC11, which was tentatively classified as a bovine rhinovirus.
EC11 induces disease in calves that is characterized by
elevated body temperature, increased respiration, serous nasal
discharge and macroscopic lesions in the lungs. At the time
EC11 was isolated, only the BRV1 serotype was known
and cross-neutralization tests with antisera against BRV-1 strain
Sd-1 failed to neutralize EC11 (Betts et al., 1971). Likewise,
neutralizing antisera against EC11 failed to neutralize BRV-1
strain M-17, Sd-1 and RS3X (Kurogi et al., 1975), thus EC11
was designated a new serotype of bovine rhinovirus, BRV2.
Interestingly, neutralizing activity against BRV2 EC11 (referred
to as BRV2 in this study for simplicity) was detected in pools of
sera from cattle on nearby farms, but not in fetal sera, suggesting
infection with the virus in the field may not be uncommon
(Reed et al., 1971).
Growth of BRV2 in tissue culture was difficult and required
extensive passage in tracheal organ cultures before serial
passages in calf kidney cells could be achieved, and even then
the virus grew to low titer (104 TCD50/mL) (Reed et al., 1971).
Virus infected cells incubated at 31 or 33 °C displayed more
pronounced CPE than when incubated at 37 °C (Betts et al.,
1971), consistent with growth conditions within the respiratory
412 J.R. Hollister et al. / Virology 373 (2008) 411–425tract. Since the initial reports by Reed and co-workers, virtually
no studies on BRV2 have been described, and therefore a
definitive classification of this bovine virus remains.
Picornaviruses are classified based on their physicochemical
properties, genome organization and mode of replication. The
RNA genome of picornaviruses ranges from ~7.1 to 8.8 kb, and
is polyadenylated at the 3′ end and linked covalently at the 5′
terminal urycil to a single copy of the viral protein VPg. A key
feature of the picornavirus genome is the presence of a long
(~600 to 1300 nucleotide) 5′ non-translated region (5′ NTR)
that contains the internal ribosome entry site (IRES) necessary
for initiation of translation (Borman and Jackson, 1992; Brown
et al., 1994; Jang and Wimmer, 1990; Kuhn et al., 1990;
Pelletier et al., 1988). To date, four types of IRES structures
have been identified for picornaviruses, Type I (Enterovirus,
Rhinovirus), Type II (Aphthovirus, Cardiovirus, Erbovirus,
Parechovirus, Kobuvirus), Type III (Hepatovirus) and Type IV
(Teschovirus and a number of viruses whose taxonomy is
currently under review, including avian encephalomyelitis
virus, duck hepatitis virus 1, duck picornavirus, porcine
enterovirus 8, Seneca Valley virus, simian picornavirus, and
seal picornavirus 1) (Jackson et al., 1990; Jang, 2006) (Hellen
and de Breyne, 2007; Kapoor et al., 2008). At the opposite end
of the genome is a non-translated region (3′ NTR; 34–367
nucleotides) that has been functionally implicated in RNA
replication and translation enhancement (Brown et al., 2004).
Picornaviral RNA is packaged inside a small capsid
comprised of three structural proteins, VP0, VP1 and VP3. In
some picornaviruses a maturation cleavage of VP0 takes place
by an unknown mechanism and results in VP2 and VP4 (which
is located internally). The structural polypeptides are derived by
enzymatic cleavage of a single polyprotein by a virally encoded
proteinase 3Cpro (see Fig. 1A). While P1 is the precursor of the
capsid proteins, P2 and P3 are precursors of the non-structural
proteins. In general, the three non-structural proteins encoded
by picornaviruses that have been shown to function as
proteinases involved in processing of the viral polyprotein are
Leader, 2A and 3C (Lpro, 2Apro and 3Cpro), although 3Cpro is
the only one common to all picornaviruses. Beyond their role in
polyprotein processing, several mature non-structural proteins,
and perhaps some intermediate precursor products, have been
implicated in the rearrangement of cell membranes during
infection and RNA binding, and are essential components for
virus replication (Egger et al., 2000).
We have recently determined a partial genome sequence for
BRV2 and based on analysis with bioinformatics (N.J. Knowles,
unpublished) concluded that BRV2 is most closely related to the
Aphthovirus genus, consisting of foot-and-mouth disease virus
(FMDV) and equine rhinitis A virus (ERAV). In the current
study, we have generated a nearly full-length genome sequenceFig. 1. Schematic representation of BRV2, FMDV, ERAV and HRV genomes and
organization of BRV2, FMDV ERAV and HRV genomes is shown with the individu
3′ NTRs and are indicated by arrows. Gene regions VP4–VP1 encode capsid protei
B. Nucleotide sequence of the BRV2, 5′ NTR. The putative polypyrimidine tract (Y
(AUG-1, AUG-2). Asterisks denote the positions of residues important for defining th
L protein between AUG-1 and AUG-2 is shown in bold. (C.) Nucleotide sequence of t
initiation codon.for BRV2 that included most of the 5′ NTR, the polyprotein and
3′ NTR coding sequence. Using these sequence data a
phylogenetic analysis on BRV2 P1 and 3D encoded proteins
was performed and a model of the secondary structure encoded
by the NTRs of the genome proposed. Additionally, experiments
in vitro suggest that BRV2 leader protein (L), like FMDVLpro, is
involved in cleavage at the L/P1 junction and in the cleavage of
the host translation initiation factor eIF4G. This observation is
particularly important considering that aphtho-and erboviruses
are the only picornaviruses described that encode an L protein
with proteinase activity.
Results
Determination of the BRV2 genome sequence
To determine the genome sequence of BRV2, the virus was
propagated in tissue culture and total RNA from the infected-cell
supernatant extracted and reverse transcribed into cDNA for PCR
amplification as described in Materials and methods. A single
large amplification product of 4.9 kb (not shown) fromVP3 to the
poly(A) was obtained and subsequently sequenced using a primer
walking strategy. An antisense primer in the VP3 coding region
and a commercially available 5′RACEkit (Clontech©)were used
to generate an overlapping PCR amplimer. Sequence analysis of
the RACE amplicon confirmed that it was derived from BRV2
and that it did not begin at the authentic 5′ end of the genome, but
rather internally within a poly(C) tract. Additional attempts to
determine the sequence of the region upstream of the poly(C)
were unsuccessful, despite having tried a variety of methods.
Regardless, a consensus sequence was created by aligning the
sequence data from numerous overlapping PCR amplimers that
span the entire region between the poly(C) and poly(A) (see
below). This final consensus sequence was compared with all
entries in the non-redundant GenBank database using the BlastN
program and the results indicated that sequences frommembers of
the Aphthovirus genus were the most similar (data not shown).
Genome organization and NTR analysis
The BRV2 genome, like that of other picornaviruses, encodes
a polyprotein that is derived from a single long ORF flanked by
NTRs and followed at the 3′ by a poly-A tail (Fig. 1A). The
BRV2 ORF encoding the polyprotein is organized with leader
protein at the beginning, followed by the structural proteins (P1
region), and non-structural proteins (P2 and P3 region).
The partial sequence that was determined for the 5′ NTR of
BRV2 (Fig. 1B) begins with a poly(C) tract, a common feature
of all aphthoviruses and encephalomyocarditis virus (genus
Cardiovirus), but not rhinoviruses. A model of the secondaryBRV2 non-translated region (NTR) sequences. A. Diagram of the genomic
al protein coding regions boxed and shaded gray. Solid lines depict the 5′ and
ns while the remaining gene regions encode non-structural proteins (L, P2, P3).
n) is shown underlined. Arrows denote the two potential AUG initiation codons
e proper context of the initiation codon. The predicted amino acid sequence of the
he BRV2 EC11 3′NTR. Numbering of the 5′ and 3′NTRs is from the most likely
413J.R. Hollister et al. / Virology 373 (2008) 411–425structure within the 5′ NTR is proposed in Fig. 2A and predicts
the presence of 7 stem-loops (G through M; labels adapted from
(Pilipenko et al., 2000)) that together form a structure with
features most similar to a type II IRES (Wimmer et al., 1993).Motifs previously described in other picornaviruses as being
important for IRES function have been putatively identified and
are shown in Fig. 2A (Hellen and Wimmer, 1995; Jackson and
Kaminski, 1995; Lopez de Quinto and Martinez-Salas, 1997).
Fig. 2. Computer-predicted RNA secondary structure of the BRV2 EC11 NTRs. A. Predicted RNA structure of the 5′NTR of BRV2 EC11 following the poly(C) tract. Proposed domains are labeled G, H, I, J, K, L andM
according to the nomenclature proposed by Pilipenko (Pilipenko et al., 2000).The position of sequence motifs are indicated and denoted in bold. B. The predicted secondary structure in the 3′ NTR of BRV2 EC11.
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415J.R. Hollister et al. / Virology 373 (2008) 411–425Notably, a GNRA tetra-loop that is conserved in most picor-
navirus IRESs is seen at the apex of domain (I). Although not
conserved among all picornaviruses, the ACCC and CRAAA
motifs are positioned at the end of distal loops in domain (I) of
virtually all FMDV (Carrillo et al., 2005), and are also predicted
to occur in BRV2 at similar positions (Figs. 1B and 2A). An A-
rich loop and a discontinuous sequence element critical for the
interaction of the FMDV IRES with eIF4G is perfectly con-
served in all cardio-and aphthoviruses, and appears to also be
present in BRV2 (Fig. 2A, stem-loop J) (Bassili et al., 2004;
Saleh et al., 2001).
Close to the 3′ end of the IRES in picornaviruses is a poly-
pyrimidine tract (Yn tract; n=nucleotide length) that is
separated from a downstream AUG triplet by a spacer (Xm;
m=nucleotide length) of typically 20 nucleotides. This
arrangement forms an Yn-Xm-AUG motif (Jang et al., 1990).
Inspection of the 5′ NTR of BRV2 for the presence of this motif
revealed two Yn tracts (position 497–508 and 581–587) that
were close to the 3′ end and followed by two potential AUG
initiation codons (AUG602 and AUG674) in-frame with the
downstream polyprotein ORF (Figs. 1B and 2A). The first Yn
tract (n=11nt) is located immediately adjacent to the predicted
IRES L domain, similar to the Yn tracts described in EMCVand
FMDV (Jang et al., 1990). One key difference however is that
the closest downstream AUG triplet is 93-nt away, significantly
more remote than in other picornaviruses containing a type II
IRES. The second Yn tract (n=7) is located 72-nt downstream
from the first, and forms an internal bulge in the predicted stem-
loop of domain (M). The nearest AUG downstream from the
second Yn tract is 14-nt away, which better fits with the Yn-
Xm-AUG initiation motif seen in other picornaviruses.
Two putative initiation codons at the beginning of the
polyprotein ORF, AUG602 and AUG674, are separated by 69
nucleotides and would result in a polyprotein that is 2280 or 2256
amino acids long, respectively. In other picornaviruses, the AUG
that is in-frame with the downstream ORF and situated within the
context of a purine at the −3 and a G at the +4 positions was
strongly favored to initiate translation (Kozak, 1989; Stanway,
1990). Using these guidelines we infer that AUG674 is the most
likely initiation codon for polyprotein translation, but this remains
to be determined experimentally. In FMDV and ERAV both
initiation sites are used resulting in two forms of the polypeptide
and known asLab and Lb (Clarke et al., 1985;Hinton et al., 2000).
The 3′ NTR of picornaviruses encodes secondary structures
implicated in interactions with the 5′ NTR through viral and
host-cell protein bridges (Lopez de Quinto et al., 2002;
Rodriguez Pulido et al., 2007; Serrano et al., 2006) and is
believed to contain cis-acting RNA elements necessary for
genome replication. The 70 bp 3′NTR of BRV2was predicted to
fold into a Y-shaped hairpin structure (as determined using the
software MFold) larger than the single 35–40 bp hairpin found
in human rhinovirus 3′ NTRs (Fig. 2C) (Rohll et al., 1995).
BRV2 polyprotein analysis.
The most obvious differences between the genomes of
FMDV and human rhinoviruses described to date (Fig. 1A) arethe presence of a leader gene at the beginning of the polyprotein
ORF, the size of the 2A gene, and the number of VPg's en-
coded. Based on these general characteristics, BRV2 is more
similar to FMDV, having a leader gene at the beginning of the
polyprotein and a small 2A gene. Conversely, like the non-
FMDV picornaviruses, BRV2 encodes only one VPg, although
this characteristic is also found in the genome of ERAV, a
member of the Aphthovirus genus.
To more closely compare BRV2 with the aphthoviruses, the
deduced polyprotein sequence for BRV2 was aligned with the
polyprotein sequence from FMDV A24 and ERAV PERV
(Fig. 3) (Wutz et al., 1996), and was determined overall to be 43
and 36% identical, respectively (Table 1). The FMDV and
ERAV Lpro are papain-like proteinases that autocatalytically
cleave themselves from the polyprotein and are also involved in
the cleavage of the host-cell translation initiation factor eIF4G
resulting in shutdown of the cap-dependant translation initiation
mechanism (Devaney et al., 1988; Hinton et al., 2002) (Piccone
et al., 1995). The L protein encoded by BRV2 shares approxi-
mately 36 and 26% amino acid identity with FMDVand ERAV,
respectively (Table 1). Key catalytic residues (Cys-23 and
His-120 in FMDV) that are critical for enzymatic activity of
FMDV Lpro (Piccone et al., 1995), and residues identified in the
C-terminal extension (CTE; D184 and E186) (Foeger et al.,
2005) of Lpro as necessary for binding and cleavage of eIF4G,
are conserved in the BRV2 L protein (Fig. 3).
Unlike the much larger 2A protein encoded by entero-and
rhinoviruses, the 2A encoded for by BRV2 is predicted to be
much smaller (19 amino acids) and shares considerable identity
(~67%) with the 18 amino acid 2A of FMDV. Most importantly,
the conserved Asparagine, Proline, Glycine, Proline (NPGP)
residues involved in the unique mechanism by which FMDV
P1-2A is separated from the extending polyprotein (de Felipe
et al., 2003; Donnelly et al., 2001) are also present in BRV2.
One significant difference between FMDVand BRV2 is that
like all non-FMDV picornaviruses, BRV2 encodes only one
VPg in its genome. This difference was also observed in the
genome of ERAV (Li et al., 1996), the only non-FMDV mem-
ber of the Aphthovirus genus. Despite this difference, BRV2
VPg is ~52% identical (Table 1) to the third VPg (3B3) found in
an alignment of over 100 FMDV sequences (see below) and is
more distantly related to the VPg of human rhinoviruses (data
not shown).
Analysis of invariant amino acids and phylogenetic
relationship of BRV2 with other picornaviruses
The relationship of BRV2 with other picornaviruses was in-
vestigated by constructing Neighbor-joining trees with P1 or 3D
amino acid sequences from viruses that belong to each of the nine
genera (Fig. 4A and C) or just the aphthoviruses (Fig. 4B, D).
Analyses of the P1 protein sequences from all nine genera resulted
in BRV2 at a position that was closest to the aphthoviruses
(Fig. 4A), verifying previous data (see above) suggesting BRV2
is more related to aphthoviruses than other picornaviruses. This
interpretation is further supported by the inferred tree of the viral
non-structural protein 3D (Fig. 4D) and by a more narrow
Fig. 3. Alignment of the predicted polyprotein sequence for BRV2 EC11, FMDVA24 and ERAV 393/76. Identical residues (shaded black) and conserved residues
(shaded grey) are indicated. Polyprotein cleavage sites are shown for FMDVonly. The Genbank accession numbers are indicated in Fig. 4.
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aphthoviruses, which placed BRV2 closer to FMDVs than even
the ERAVs (Fig. 4B).
To further examine the relationship between BRV2 and
FMDVusing the entire polyprotein, we determined which of the
amino acids that are invariant in FMDV (Carrillo et al., 2005)
are also conserved in the BRV2 polyprotein (Fig. 5). The results
shown in Fig. 5 allowed for the viral proteins to be separated
into three main groups based on the percentage of amino acids
that are identical in all of the FMDV sequences analyzed (N100)and in BRV2 (see Materials and methods and legends for
details). Using these criteria, VP4, 2A, 2C, 3C and 3D proteins
contained the highest percentage (above 40%) of amino acids
that were identical in FMDV and BRV2, followed by L, VP2,
VP3 and 2B proteins (20–40%), and finally VP1 and 3A pro-
teins, which contained the lowest percentage of identical amino
acids (14 and 5% respectively, Fig. 5).
Processing of the FMDV polyprotein by 3C occurs at a
number of different di-peptide sequences, including Q/G, E/G,
Q/L, and E/S (reviewed in (Grubman and Baxt, 2004)), which
Table 1
Amino acid sequence identity (%) between BRV2 and two representative
members of the aphthoviruses⁎
Genome region % Relative to A24Cru % Relative to ERAV
L 36 26
VP4 53 40
VP2 44 34
VP3 49 39
VP1 21 25
2A 67 63
2B 27 34
2C 52 44
3A 11 10
3B 52 24
3C 50 37
3D 64 47
⁎Accession numbers are A24Cru (AY 593768), BRV2 (EU 236594), ERAV
(NP 653075).
418 J.R. Hollister et al. / Virology 373 (2008) 411–425are also found at the predicted junctions of various BRV2
proteins (see Fig. 3). Together, these results suggest that BRV2
is the closest related virus to FMDVs identified so far.
BRV2 L protein is rapidly released from the viral polyprotein in
vitro
To determine if the L protein of BRV2 functions as a pro-
teinase, capable of cleaving itself, we examined polyprotein pro-
cessing at early time points using an in vitro translation system.
RNA transcribed from plasmid pBRV2, encoding the BRV2
genome from poly(C) to poly(A), was used to program BK-LF
cell extracts in the presence or absence of [35S]methionine.
Samples were taken at multiple time points, resolved by SDS-
PAGE, and the gel subjected to autoradiography (Fig. 6A).
Beginning at 5 min, and increasing at later times, a band of BRV2
encoded protein accumulated at a position that was slightly
higher on the gel than Lpro of FMDV (Fig. 6A, compare lanes 9–
12 to 1–4), which was expected based on molecular weight
predictions of the BRV2 and FMDV deduced amino acid
sequence for L protein (20.7 kDa and 19.8 kDa, respectively).
Furthermore, the timing of the appearance of Lpro in the FMDV
samples (lanes 1–4) was perfectly matched by BRV2 (lanes 9–
12). As a control for the position of FMDVLpro, cell extracts were
programmed with RNA from an FMDV Lpro deleted plasmid,
pLless-A24, which did not produce a band at the position
indicated for Lpro (Fig. 6A, lanes 5–8). Finally, to rule out the
possibility that the release of L protein was due to a downstream
proteinase activity, such as 3C, we linearized the plasmid
containing the BRV2 genome in a way that only the leader, P1,
2A and part of 2B proteins would be synthesized. Just as with the
full-length RNA samples, a band of the predicted molecular
weight for BRV2 L protein was observed at 5 min incubation and
increased in intensity at the later time points (Fig. 6A compare
lanes 13–16 to 9–12). The same western blot membrane was
reprobed for cellular α-tubulin (Fig. 6C), showing that similar
amounts of cell extract were analyzed for each sample. Together,
these results suggest that like FMDV, BRV2 leader functions as a
proteinase capable of cleaving itself from the viral polyprotein.eIF4G is rapidly cleaved in in vitro translation reactions
programmed with BRV2 RNA
A known function of the Lpro of aphthoviruses, besides
cleaving itself from the viral polyprotein, is to mediate the
shutdown of host cell protein synthesis by cleavage of the
cellular translation initiation factor eIF4G. To determine if
BRV2 L shares this function with FMDV, we examined the state
of eIF4G in the same cell extracts as described above. The results
of western blot analysis (Fig. 6B) showed that within 15 min a
lower molecular weight product that reacted with anti-eIF4G
antibody was detected (Fig. 6B, lanes 9–12) in cell extracts
programmed with BRV2 transcript RNA. The amount of that
product continued to increase at later times and correlated with a
decrease in the amount of intact eIF4G. A similar profile was
observed with cell extracts programmed with FMDV RNA
(Fig. 6B, lanes 1–4). Conversely, the lower molecular weight
product was not seen, nor was the amount of uncleaved eIF4G
altered, when cell extracts were programmed with mock RNA or
RNA from a leader-deleted construct (Fig. 6B, lanes 13–15 and
5–8, respectively). These results suggest that like FMDV, BRV2
L protein functions in the shutdown of the host cell protein
synthesis pathway through cleavage of eIF4G.
Discussion
In this study, we have presented a molecular and phyloge-
netic analysis of a nearly complete genome sequence of BRV2.
Comparative sequence analysis with representative picorna-
viruses revealed that BRV2 is more similar to members of the
Aphthovirus than to the Rhinovirus genus.
An important distinguishing feature between BRV2 and
rhinoviruses is the presence of a poly(C) tract within the 5′
NTR. Aphthoviruses and some cardioviruses are the only
picornaviruses that have a poly(C) tract, which can range in
length from as little as 40 to more than 300 nt (Costa Giomi
et al., 1984). For BRV2, the exact length of the poly(C) tract and
the sequences upstream were unsolved presumably due to
difficulties in reverse transcription through C rich regions, or
alternatively, stemming from complex upstream structural
elements predicted in its 5′ NTR (Fig. 2) and present in NTRs
of the picornavirus genome (see Introduction).
A computer-generated model of the folded 5′ NTR [poly(C)
to AUG] suggests BRV2 uses a type II IRES for translation of
its polyprotein. Among the structures predicted in the 5′ NTR
are several that closely resemble the type-II IRES domains H, I,
J, K and L with key sequence elements GNRA, CRAAA and
ACCC at expected positions. Sequence elements found in the
IRESs of other picornaviruses have been shown to interact with
several canonical and non-canonical protein factors for its
function (Jang, 2006). One such RNA binding protein is eIF4G,
which mediates the binding of the ribosome to the viral RNA
(Gan and Rhoads, 1996) and was previously shown to directly
interact with sequences contained in the IRES of FMDV (Lopez
de Quinto et al., 2001; Lopez de Quinto and Martinez-Salas,
2000; Saleh et al., 2001), EMCV (Pestova et al., 1996) and
poliovirus (Ochs et al., 2003). Interaction with eIF4G occurs in
Fig. 4. Phylogenetic relationship of BRV2 EC11 and other picornaviruses. A. Neighbor-joining trees of the P1 capsid protein of select picornaviruses from all genera, or B. from the Aphthovirus genus only. C. Neighbor-
joining trees of the 3Dpol protein of picornaviruses representing all genera, or D. from the Aphthovirus genus only. Bootstrap analysis was applied using 1000 bootstrap replicates. The GenBank accession numbers and
the percentages of bootstrap values are indicated. BRV2 GenBank accession number, EU236594.
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Fig. 5. Comparison of the BRV2 polyprotein sequence with invariant amino acids in FMDV. Invariant amino acids were determined by aligning 103 FMDV isolates
and the BRV2 consensus sequence. Invariant amino acids are given in one letter amino acid code and the variant positions are represented by “–”. The % of amino
acids that are identical in all FMDVand BRV2 is given under “total %” for each viral protein [(# of identical residues /# of residues)×100]. A second calculation of the
% of BRV2 amino acids that are identical to invariant amino acids in FMDV is given under “relative %” [(# of identical residues in all FMDVand BRV2/# of identical
residues in all FMDV)×100]. ⁎Calculations for BRV2 3B used the most similar 3B from FMDV, 3B3 (3B is also referred in the text as VPg).
420 J.R. Hollister et al. / Virology 373 (2008) 411–425domain J of type II IRES via a perfectly conserved sequence and
secondary structural element (Bassili et al., 2004) that is also
predicted in BRV2. Further support for the functional role of
this sequence as an IRES came from in vitro translation
experiments showing the rapid synthesis of a large polyprotein
and the release of cleavage products from cell extract
programmed with RNA derived from pBRV2 (similar to
pA24Cru-derived RNA, Fig. 6), over time.
It has been previously established that alteration of the con-
served Yn tract sequence near the 3′ boundary of picornavirus
IRESs can have a dramatic effect on the efficiency of translation
(Kuhn et al., 1990; Pilipenko et al., 1992). Particularly,
experiments with poliovirus that increased the spacing betweenthe Yn tract and a downstream, but highly conserved, cryptic
AUG triplet resulted in small plaque to quasi-lethal phenotypes.
However, most telling was that phenotypic revertants were the
result of deletions that restored the spacing between the Yn tract
and cryptic AUG, or were point mutations that resulted in the
introduction of a new AUG triplet ~25 nt downstream from the
Yn tract (Pilipenko et al., 1992). These experiments support the
observation that all picornavirus Yn tracts are located ~10–20
nt upstream from an AUG triplet while the distance from the
initiating AUG codon varies greatly among viruses (Jang et al.,
1990). Examination of Yn motifs in the 5′ NTR of BRV2
identified two pyrimidine-rich sequences (position 497–508
and 581–587), although only the Yn tract closest to the
Fig. 6. Release of BRV2 L protein from the viral polyprotein and cleavage of eIF4G. A. BKLF extracts were supplemented with 35S-methionine and programmed with
RNA transcribed in vitro from the linearized plasmids pFMDV-A24 (lane 1–4), pLless-A24 (lane 5–8) and pBRV2 (lane 9–12 and 13–16). Samples taken at various
times were separated by SDS-PAGE and autoradiography performed to visualize the labeled viral proteins. As a control extracts were incubated with mock RNA.
Samples in the lanes marked rBRV2H3(13–16) were programmed with RNAmade from pBRV2 that was linearized with Hind III to preclude viral proteins downstream
of 2B from being synthesized. The predicted position for L and 2B are indicated on the right. B. and C. Samples from the in vitro translation reactions described for Fig.
6A were separated by SDS-PAGE, transferred to PVDF membrane and analyzed by Western blotting with anti-eIF4G (B.) or α-tubulin (C.) as a control. The
unprocessed eIF4G and its cleavage products are indicated on the right and the migration positions of molecular weight markers are indicated on the left.
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appears to satisfy the conditions previously established for
spacing from a downstream AUG triplet in viruses with a type-
II IRES (Jang et al., 1990). This is further supported by the
observation that the downstream AUG that is in-frame with the
polyprotein ORF is situated within the context of a purine at
the −3 and a G at the +4 positions.
Translation of FMDV polyprotein can be initiated from
either of two AUG triplets (AUG1 and AUG2) at the end of the
5′ NTR, but is only efficiently initiated from the second AUG
(AUG2) (Clarke et al., 1985; Sangar et al., 1987). Since
initiation can occur at either AUG, two different forms of the
Lpro have been observed and designated Lab (AUG1) and Lb
(AUG2). The leader protein encoded by BRV2 appears to be in
an analogous setting with two potential AUG codons at the end
of the 5′ NTR (AUG602 and AUG674) and in-frame with the
downstream polyprotein ORF. BRV2 L protein was rapidly
released from the nascent polyprotein when translated in S-10
cell extracts, and in a manner that was independent of the
synthesis of downstream non-structural proteins such as theviral protease 3C, consistent with an autoproteolytic mechan-
ism. Additionally, western blot analysis of endogenous eIF4G
in BK-LF cell extracts showed that it was rapidly converted
to small molecular weight products concomitantly with the
presence of BRV2 L. Both of these putative functions of BRV2
L protein are in agreement with the known activities of the
FMDV Lpro (Guarne et al., 1998; Piccone et al., 1995; Roberts
and Belsham, 1995; Skern et al., 1998; Strebel and Beck, 1986).
Interestingly, a secondary product with a slightly higher
molecular weight than the predominant L product was observed
in the BRV2 lanes. Although only speculative, the minor band
observed might represent an alternative form of BRV2 L pro-
duced by initiation at the AUG602 codon in a similar fashion as
the proposed two alternative forms (La, Lab) of Lpro in FMDV
(Clarke et al., 1985; Sangar et al., 1987). Future experiments
will examine if BRV2 3C shares similar proteinase activity on
eIF4G as the FMDV counterpart (Hinton et al., 2002).
An alignment of the polyprotein sequence of BRV2 with
virtually all available reported polyprotein sequences from
FMDV revealed that most of the BRV2 proteins contain a
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FMDVs. Specifically, VP2, VP3, 2A, 2C and 3D proteins have
the highest percentage of residues that are identical to those
reported to be invariant in all FMDV (Fig. 5). On the other hand,
2B and 3A are the least similar with FMDV. Interestingly, when
a relative invariable number is calculated (Fig. 5, relative (%)) a
new pattern emerged, showing a remarkable conservation of
invariable residues in proteins such as 2A, 2C, 3D involved in
virus replication. Of particular interest is 3A, which has minimal
homology with the FMDV counterpart. FMDV 3A has been
shown to play an important role in determining host range and
pathogenicity of the virus (Beard and Mason, 2000; Pacheco
et al., 2003). However, little is known regarding their mech-
anism of action in allowing or restricting virus replication in
different cell types.
BRV2 was classified as a member of the genus Rhinovirus
based on similarities with other bovine rhinoviruses described at
the time (which were then called BRV-1) and the clinical disease
associated with BRV2 infection (Reed et al., 1971). Since then a
more precise classification of BRV2 has been complicated by a
lack of any molecular genetic information. In the current study
we have presented the results of genetic, phylogenetic and
functional analyses of BRV2 and found that many of the
distinguishing characteristics of aphthoviruses, as outlined by
the International Committee on Taxonomy of Viruses (ICTV)
(Stanway et al., 2005), are common to BRV2. These include the
possible presence of a poly(C) tract in the 5′ NTR, two putative
in-frame initiation sites, an L-proteinase, a very short 2A
protein, and considerable amino acid identity and close
phylogenetic relationship. Considering these new findings and
the requirements for classification as outlined above, we
propose that BRV2 be classified as a third species in the
genus Aphthovirus along with FMDV and ERAV.
Materials and methods
Cells and viruses
Primary bovine thyroid cells (BTy) were maintained as
monolayers in Dulbecco's modified Eagle's medium (DMEM;
Gibco) supplemented with 30 mM HEPES, 100 U penicillin
mL−1, 100 µg streptomycinmL−1. 0.25 µg amphotericin BmL−1
and 10% fetal calf serum (FCS; HyClone). Cultures were
incubated in flasks at 37 °C with 5% CO2 in a humidified
incubator for maintenance or at 34 °C for virus growth. BRV2
strain EC11 (provided by Prof. S.B. Mohanty, University of
Maryland), was propagated in BTy cells as described above in the
absence of serum. A control culture of BTy cells was monitored
for CPE as a precaution against potential viral contamination. No
further steps were taken to exclude other picornaviruses, however,
following determination of the 3′ end sequence, a specific primer
was used to make cDNA.
BRV2 RNA isolation, RT-PCR amplification and sequencing
Viral RNA was prepared by infecting BTy cells with BRV2
EC11 at a low multiplicity of infection (b1) using the conditionsdescribed above. The virus was allowed to adsorb for 1 h at 34 °C,
the inoculum was removed, and the cells washed twice in fresh
DME+10%FCS. The infected cells were incubated at 34 °C until
CPE was observed in the majority of the cells, or about 72 h post
infection. The medium from the infected cells was harvested and
clarified by centrifugation at 3500 ×g for 15 min in a tabletop
centrifuge. The clarified supernatant containing the progeny virus
was collected and the viral RNA extracted using an RNeasy mini
kit (Qiagen) as described by the manufacturer. Approximately
1 μg of total RNAwas used as template for cDNA synthesis using
the SuperScript® III First-Strand Synthesis System for RT-PCR
(Invitrogen Life Technologies) with an oligo-dT primer and
according to themanufacturer's protocol. PCRwith BRV2 cDNA
was performed in a model PTC-200 thermal cycler (MJ research)
and using the Advantage® 2-PCR enzyme system (Clontech
laboratories Inc.) with a specific primer pair complementary to
BRV2VP3 (VP3F1: 5′-CCCCCCACCACTCTGAGTGAGGCC-
CAACAT-3′) and the sequence immediately adjacent to the poly(A)
tail (BRV2 3′: 5′-TTTTTGCCAATTGTGCCGAATTG TCCCA-
3′). The PCR reaction conditions used were according to the manu-
facturer's recommendations for amplification products between 5
and 9 kb.
The 5′ end of the BRV2 genome between the poly(C) and
VP3 coding regions was isolated using a commercially avail-
able rapid amplification of cDNA ends (RACE) kit (SMART™
RACE; Clontech). Briefly, one microgram of the total RNA
prepared above was used for first-strand cDNA synthesis to
generate a 3′ anchored cDNA using the complimentary gene
specific primer (VP3-R1: 5′-TTGGGCCTCACTCAGAGT
GGTGGGGGGAT-3′) and following the manufacturers proto-
col. 5′ RACE reactions were carried out with the Advantage®
2-PCR enzyme system using anchor (universal primer mix) and
gene specific (VP3-R2: 5′-TGGGTCCGCGGTGATGGGAC-
TAGTGGTGC-3′) primers and following the recommendations
for amplification of products between 1 and 5 kb. PCR products
were separated on agarose gels, excised and the DNA recovered
with a gel extraction kit (Qiagen).
Sequence corresponding to the ends of the purified
amplimers was obtained by direct sequencing with specific
primers designed from previously determined partial BRV2
sequences. Subsequent sequence data was determined by a
“primer walking” strategy in which primers for sequencing were
designed based on ongoing sequence determination. Sequencing
reactions were carried out using the Big Dye Terminator cycle
sequencing kit (Applied Biosystems) and analyzed on a PRISM
3730xl automated DNA sequencer (Applied Biosystems).
Sequence analysis
Nucleotide sequences were assembled and analyzed with
Sequencher (Gene Codes Corporation) or Vector NTI computer
programs (Informax, Invitrogen Life Science). Phylogenetic
relationships and invariant amino acids analysis were prepared
from multiple sequence alignments created with the MEGA 3.1
program (Kumar et al., 2004) using the ClustalX method
(Version 1.83) (Thompson et al., 1997). Phylogenetic trees were
prepared using the Neighbor-joining method with the Poisson
423J.R. Hollister et al. / Virology 373 (2008) 411–425substitution model and 1000 bootstrap replicates. RNA second-
ary structure predictions were performed with the mfold pro-
gram, Version 3.2 (Zuker, 2003) and adjusted by hand based on
a comparative analysis.
Plasmids
Plasmid pBRV2 contains the BRV2 cDNA from the poly(C)
to the end of the 3′NTR and poly(A), and is cloned downstream
from a T7 promoter element. The sequence encoding the BRV2
genome was amplified by PCR (Expand Long Template PCR
System (Roche) from cDNA prepared with the SuperScript® III
system, as described above, using a BRV2 specific primer pair
(sense: 5′-CCCTACTTAAAGATGTACGGTTTTGCTG-3′
and antisense: 5′-TTTTTTTTTTTTTTTTTTGCCAATTGTG-
CCGAATTGTCCCAAATT-3′). PCR products were separated
on agarose gels and the 7558 bp amplimer was excised from the
gel and cloned into the pCR-2.1-TOPO vector (Invitrogen)
according to the manufacturer's suggestions. Several recombi-
nant plasmids containing the BRV2 insert were isolated, se-
quenced and compared with the consensus sequence determined
in this study. Each of the isolated plasmids contained at least one
difference from the consensus sequence. To make the final
construct a single clone was chosen and the region containing
the variability excised with flanking unique restriction sites and
repaired with a corresponding correct sequence from a donor
clone.
The plasmid pA24Cru previously described (Rieder et al.,
2005) was used to construct a derivative designated pLL-
A24Cru generated by overlapping PCR (Expand Long Template
PCR System (Roche). Plasmid pLL-A24Cru harbors a complete
deletion of the region encoding Lpro.
In vitro transcription of RNA
Plasmids pA24Cru, and pLLA24Cruwere linearized at a unique
SwaI site downstream of the poly(A) and served as templates
for runoff transcription reactions using the Megascript T7 kit
(Ambion) and the manufacturer protocol. Plasmids pBRV2 was
digested at either an AseI site, which linearize the plasmid within
the vector sequence downstream from the poly (A), or with
HindIII, which cuts within the 2B coding sequence of BRV2.
Linearized templates were used to prepare RNA transcripts as
described above.
Leader release and Western blot analyses of eIF4G cleavage
products
Viral RNAwas translated in vitro using S10 BK-LF extracts
prepared similarly to the method described by (Molla et al.,
1991) and detailed in another study currently in preparation by
our group (E. Rieder). Briefly, an in vitro translation reaction
containing 1 µg of RNA transcript was prepared for each
template, was divided into two tubes and one supplemented with
35S-methionine and the other with nonradioactive methionine.
The samples were incubated at 32 °C and aliquots taken at 5,
15, 30 and 60 min to monitor the release of leader protein(radiolabeled samples) or the cleavage of eIF4G (untreated
samples).
Samples to monitor the release of leader from the polyprotein
were resolved on a 12% NuPAGE gel (Invitrogen) and the
proteins detected by autoradiography. Samples to assess the
cleavage state of eIF4G were resolved on a 10% NuPAGE gel,
transferred to a PVDF membrane and blocked overnight in 5%
PBS-T (PBS, 0.5% Tween 20 and 5% non-fat milk). The next
day the membrane was cut laterally just below the 72 kDa pre-
stained marker band. The upper and lower sections of the
membrane were probed with rabbit anti-eIF4G1 (abcam 1:2000)
or mouse anti-tubulin (abcam;1:10,000) respectively, for 1 h at
room temperature on a rocking platform. Membranes were
washed three times in PBS-T (PBS and 0.5% Tween 20) then
probed with peroxidase conjugated anti-mouse (KPL; 1:10,000)
or anti-rabbit (KPL; 1:10,000) for 1 h while rocking at room
temperature. The membranes were washed three times in PBS-T
and antibody binding revealed using the Immun-Star HRP
chemiluminescent kit (Biorad).
Nucleotide sequence accession numbers
The sequence reported in this work has been deposited in the
GenBank database under accession number EU236594. All
other GenBank accession numbers are indicated either in Figure
or Figure legends.
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